Mitochondrial ferritin (FtMt) is believed to play an antioxidant role via iron regulation, and FtMt gene mutation has been reported in age-related macular degeneration (AMD). However, little is known about FtMt's functions in the retina and any links to AMD. In this study, we observed age-related increase in FtMt and hypoxia-inducible factor-1a (HIF-1a) in murine retinal pigment epithelium (RPE). FtMt overexpression in ARPE-19 cells stabilized HIF-1a, and increased the secretion of vascular endothelial growth factor. Conversely, HIF-1a stabilization reduced the protein level of the mature, functional form of FtMt. FtMt-overexpressing ARPE-19 cells exhibited less oxidative phosphorylation but unchanged production of adenosine triphosphate, enhanced mitochondrial fission, and triggered mitophagy in a HIF-1aede-pendent manner. These findings suggest that increased FtMt in RPE may be protective via triggering mitophagy but cause wet AMD by inducing neovascularization due to increased vascular endothelial growth factor secretion. However, reduced level of functional FtMt in RPE under hypoxia may allow dry AMD through susceptibility to age-related stress.
Introduction
Age-related macular degeneration (AMD), a major cause of blindness in the elderly in developed countries, is caused by progressive macular degeneration. AMD is associated with multiple environmental and genetic factors, but age is the strongest risk factor. Cells in the retinal pigment epithelium (RPE) play a vital role in maintaining retinal function, and dysfunction of RPE is believed to induce AMD in susceptible individuals. Dry or nonexudative AMD develops slowly and is associated with RPE degeneration; wet or exudative AMD usually occurs after dry AMD and is characterized by choroidal neovascularization, which is mainly caused by an abnormal increase in the production of vascular endothelial growth factor (VEGF) by RPE (Jager et al., 2008; de Jong, 2006) . Recently, a mutation of mitochondrial ferritin (FtMt) that results in protein dysfunction was identified in a cohort of AMD patients (Stenirri et al., 2012) . However, little information is available about any pathological significance of FtMt mutation.
FtMt is an iron-storage protein specifically localized in mitochondria. FtMt participates in iron homeostasis by storing iron inside mitochondria, and increased FtMt may lead to cytoplasmic iron deficiency Levi et al., 2001) . FtMt involvement has been reported in aging and in several neurodegenerative diseases. Notably, FtMt expression increases with aging in the rat hippocampus (Wu et al., 2013) . In addition, increased FtMt expression has been observed in the cortex in Alzheimer's disease (Wang et al., 2011) and in the substantia nigra in restless leg syndrome (Snyder et al., 2009) . Free excess Fe(II) reacts with hydrogen peroxide (H 2 O 2 ) to generate reactive and harmful hydroxyl radicals (OH$) through the Fenton reaction, but this may be counteracted by FtMt sequestering excess Fe(II) (Arosio and Levi, 2010) . Therefore, FtMt has been suspected in previous studies of playing a protective role in neurodegenerative diseases, via suppression of the Fenton reaction .
The large energy demands of neurons for activities including axonal transportation, releasing neurotransmitters, and calcium signaling are largely supplied by oxidative phosphorylation (OXPHOS) in mitochondria (Palikaras and Tavernarakis, 2012) . As a result, neurons are particularly dependent on mitochondria. Mitophagy is mitochondria-specific autophagy, by which impaired mitochondria are removed to maintain normal cellular function. Mitochondria constantly perform fusion and fission, allowing mixing of their contents. Damaged mitochondria tend to be isolated after fission and subsequently to be eliminated by mitophagy (Twig et al., 2008) . Thus, mitophagy is critical to maintaining mitochondrial population quality, and dysfunction of mitophagy. Aging and neurodegeneration are considered to be tightly associated with mitophagy (Nixon, 2013; Rubinsztein et al., 2011) . Defects in processes including mitophagy have been implicated in the onset and progression of neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, and Huntington's disease (Chen and Chan, 2009) . Although several signaling pathways have been reported to trigger mitophagy (Ding and Yin, 2012) , a recent study demonstrated a novel type of iron-dependent mitophagy induced by an iron chelator (Allen et al., 2013) , implying some potential link between FtMt and mitophagy.
In this study, we found an age-related increase in FtMt and hypoxia-inducible factor-1a (HIF-1a) in murine RPE. In vitro experiments in ARPE-19 cells showed that FtMt induces HIF-1a, and HIF-1a upregulates production of VEGF. In addition, FtMt overexpression was associated with a decrease in mitochondrial membrane potential (MMP), a noticeable increase in mitochondrial fragmentation, and a decrease in the expression of optic atrophy protein 1 (OPA1), suggesting the induction of mitophagy. These findings suggest that increased FtMt in RPE may be protective via triggering mitophagy Importantly, hypoxic conditions tend to impair FtMt's roles by inhibiting FtMt maturation, so the inhibition of FtMt maturation with hypoxia may become a trigger of the dry type of AMD, as downregulation of FtMt may cause RPE susceptible to age-related stress and contribute to dry AMD. On the other hand, in the late stage of AMD, age-increased FtMt may induce wet AMD with neovascularization via secretion of VEGF.
Materials and methods

Animals and RPE/choroid dissection
All experimental protocols involving animals complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the Institutional Animal Care and Use Committee of Shiga University of Medical Science. Male C57BL/6 mice were used in this study. Eight young (3-month old) mice and 8 old (20-month old) mice were used for Western blotting experiments; 3 young mice and 3 old mice were used for immunofluorescence experiments. Animals were killed by an overdose of sodium pentobarbital (150 mg/ kg, intraperitoneal), and the eyes were enucleated. For Western blotting, the RPE/choroids were carefully dissected and completely separated from the neural retinas and sclera. Tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer (pH 7.40, 20-mM HEPES, 150-mM NaCl, 1% deoxycholic acid$1Na, 2-mM EDTA, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), and protease inhibitor cocktail [Roche, Nutley, NJ, USA]) on ice. Four RPE/choroids from 2 mice were pooled as one protein sample. Four samples from young animals and 4 from old animals were evaluated.
Mitochondria isolation
The mitochondrial fraction was isolated from murine testes using a Mitochondrial Isolation Kit for Tissue (Pierce Biotechnology, Rockford, IL, USA) according to the Reagent-based Method for Soft Tissues protocol. The concentrations of cytoplasmic and mitochondrial fractions were determined using a bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL, USA), and samples were then subjected to Western blotting.
Cell culture and transfection
Human ARPE-19 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium/Ham's F-12 (Nacalai Inc, Kyoto, Japan) supplemented with 10% fetal bovine serum, 100-U/mL penicillin, and 100-mg/mL streptomycin (Nacalai Inc, Kyoto, Japan) at 37 C in a humidified atmosphere of 5% CO 2 and 95% air. For hypoxic conditions, cells were cultured in an incubator with 1% O 2 (CO2 Incubator 9000E, Wakenyaku Co, Ltd, Japan).
Transient plasmid transfection was performed using Lipofectamine 3000 (Life Technologies, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. The FtMt plasmid and corresponding empty vector were described previously (Yang et al., 2015) .
HIF-1a knockdown was performed by transfecting small interfering RNA (siRNA) directed against HIF-1a (s6539) and Silencer Select Negative Control No. 2 siRNA (Silencer Select Validated siRNA, Life Technologies) with Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Life Technologies) according to the manufacturer's protocol.
SDS-PAGE and Western blot analysis
Briefly, both RPE/choroids dissected from mice and ARPE-19 cells were lysed with RIPA buffer on ice for 30 minutes. Supernatants were collected after centrifugation at 10,000 g for 25 minutes, and protein concentrations were determined using a BCA assay.
Equal amounts of the protein samples (20 mg/mL) were denatured at 95 C for 5 minutes and resolved on 15% or 5%e20% SDS polyacrylamide gels. After transferring the proteins to a PVDF membrane, the blots were blocked in 5% nonfat milk in Tris-buffered saline/0.1% Tween-20 (TBST) for 1 hour at room temperature. The following primary antibodies were diluted and incubated overnight at 4 C: rabbit anti-human FtMt (1:5000), rabbit anti-mouse FtMt antibody (Abcam, Cambridge, UK,1:2000) , mouse anti-LC3 antibody (MBL, Nagoya, Japan, M152, 1:1000), mouse anti-human HIF-1a antibody (Novus Biologicals, Littleton, CO, USA, NB100-105, 1:1000), rabbit anti-human Mitofusin 1 (Mfn1, Novus Biologicals, NBP1-51841, 1:1000), mouse anti-human Mitofusin 2 (Mfn2, Abcam, ab56889, 1:1:000), mouse anti-human optic atrophy protein 1 (OPA1, BD Biosciences, San Jose, CA, USA, 612606, 1:1000), rabbit anti-human mitochondrial fission 1 (Fis1, Novus Biologicals, TTC11, 1:1000), mouse anti-human dynamin-related protein 1 (Drp1, BD Bioscience, 611112, 1:1000), and b-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 47778, 1:10,000). After 3 washes with TBST, the blots were incubated with the appropriate secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA; goat anti-mouse or goat anti-rabbit labeled with horseradish peroxidase, 1:10,000) for 1 hour at room temperature. The membranes were developed using an enhanced chemiluminescent substrate (SuperSignal West Pico; Thermo Scientific, Waltham, MA, USA).
Microscope image acquisition
Tissues were isolated from 3 young and 3 old mice sacrificed as previously described. Eyes were enucleated and fixed in 4% paraformaldehyde (Nacalai Inc) for 2 days. Tissues were immersed in 15% sucrose in 0.1-M phosphate buffer with 0.1% sodium azide; after daily changes of sucrose solution for 4 days, the tissues were cryosectioned at À20 C into 20 mm sections.
ARPE-19 cells were grown on glass coverslips (Matsunami Glass, Tokyo, Japan) in a 12-well plate and transfected/treated as previously described. Immunofluorescence and fixed-cell MitoTracker staining were performed as described previously (Yang et al., 2015) . Briefly, cells were incubated in Opti-MEM I containing 100-nM MitoTracker (Life Technologies) for 30 minutes, washed twice with phosphate buffered saline (PBS), and fixed in 4% paraformaldehyde for 20 minutes. Tissue sections/coverslips were permeabilized with 0.1% Triton X-100/PBS for 20 minutes and blocked in 2% bovine serum albumin in 0.1-M phosphate-buffered saline/ 0.1% Triton X-100 (PBST) at room temperature for 1 hour. Tissue sections were incubated with rabbit anti-mouse FtMt antibody (Abcam, 1:1000), and coverslips were incubated with either rabbit anti-human FtMt antibody (1:5000) alone or a mixture of rabbit anti-human FtMt antibody (1:5000) and mouse anti-LC3 antibody (MBL, M152, 1:500) overnight at 4 C. Tissues incubated without primary antibody were used as negative controls. After 3 washes in PBST, tissue sections/coverslips were incubated with anti-mouse Alexa Fluor 647 or anti-rabbit Alexa Fluor 488 (Life Technologies, 1:1000) as a secondary antibody for 1 hour at room temperature. Nuclei were labeled with NucBlue Fixed Cell ReadyProbes Reagent (Life Technologies), and fluorescence was detected using an FV1000-D inverted confocal microscope (Olympus, Tokyo, Japan) with a 100Â/1.35 oil objective. Images were acquired with an FV10-SU scanner unit and FV10-ASW acquisition software (ver: 4.1) at room temperature.
VEGF enzyme-linked immunosorbent assay (ELISA)
ARPE-19 cells were cultured in a 24-well plate at a density of 8 Â 10 4 cells/well for 24 hours. Next, cells were transfected with HIF-1a siRNA or control siRNA. Cells were further transfected with FtMtexpressing plasmid or empty vector 24 hours after HIF-1a knockdown. The medium was replaced 6 hours after transfection with FtMt plasmid, and cells were incubated for another 24 hours. Conditioned medium was collected and centrifuged briefly at 1000 g to eliminate cell debris. The supernatants were subjected to human VEGF ELISA (Human VEGF Quantikine ELISA Kit; R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocol. The result was normalized to the amount of total protein determined with the BCA assay.
Real-time polymerase chain reaction (PCR)
Total RNA was extracted from ARPE-19 cells and purified via DNase digestion to remove genomic DNA, followed by reverse transcription using 1 mg of total RNA as described previously (Allen et al., 2013) .
Real-time PCR was performed using the following TaqMan Gene expression assay probes: human FtMt (FTMT, Hs000893202_s1) and human b-actin (ACTB, 4326315E). Reactions were performed in triplicate on a Light Cycler system (Roche Diagnostics K.K., Tokyo, Japan) for 50 cycles in a final volume of 20 mL. Data were analyzed using LightCycler software, and the results were normalized to the corresponding b-actin expression level in each sample.
Oxygen consumption
Oxygen consumption was measured using a Seahorse XF24 Extracellular Flux analyzer (Seahorse Bioscience, North Billerica, USA). ARPE-19 cells were cultured overnight in 24-well Seahorse plates at a density of 8 Â 10 4 cells/well, followed by FtMt plasmid transfection on the second day. After 24 hours, the cell culture medium was replaced with XF Assay Medium (Seahorse Bioscience) supplemented with 25-mM Glucose,1-mM Sodium Pyruvate (Sigma, St. Louis, MO, USA), and 1-mM Glutamine (Nacalai, Inc). The oxygen consumption rate was measured and analyzed using injections of 1-mM oligomycin, 0.5-mM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 1-mM Rotenone/antimycin A (XF Cell MitoStress Test Kit, Seahorse Bioscience). The results were normalized to total protein levels determined with the BCA assay.
Cellular ATP measurement
ARPE-19 cells were seeded in a 6-well plate and cultured for 24 hours (70%e80% confluency). The cells were then transfected with an FtMt-expressing plasmid or empty vector (control). After 24 hours, the adenosine triphosphate (ATP) levels were measured according to the manufacturer's protocol (ENLITEN ATP Assay System Bioluminescence Detection Kit for ATP Measurement; Promega, Madison, WI, USA). Briefly, cells were washed twice with PBS and lysed with 2% trichloroacetic acid (TCA). Subsequently, the trichloroacetic acid was neutralized and cells were diluted in 100 mM Tris-acetate (pH 7.75). The samples were centrifuged at 5000 g at 4 C for 5 minutes, and the supernatants were collected for further analysis. After mixing the samples with a luciferineluciferase reagent, cellular ATP levels were determined using a TECAN infinite M200 microplate reader (TECAN, Port Melbourne, Victoria, Australia).
Flow cytometry analysis
Flow cytometry was used to determine the levels of MMP and reactive oxygen species (ROS). Briefly, ARPE-19 cells grown in 12-well plates were transfected with either an FtMt-expressing plasmid or empty vector (control). After 24 hours, the cells were washed twice with PBS. For MMP measurement, the cells were incubated with 20-nM tetramethyl rhodamine methyl ester (TMRM, Life Technologies) at 37 C for 30 minutes in darkness. After incubation, the cells were trypsinized and resuspended in 0.4 mL of PBS. TMRM fluorescence was analyzed on a FACSCalibur system, using the FL2 channel (BD Biosciences). An extra set of cells was treated with 5-mM FCCP for 10 minutes as a negative control. For ROS measurement, cells were incubated with 20-mM 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Life Technologies) at 37 C for 45 minutes in the dark. After washing twice with PBS, cells were cultured in fresh complete medium for another 30 minutes to provide a short recovery time. An extra set of cells was treated with 300-mM H 2 O 2 for 1 hour as a positive control. Cells were resuspended in 0.4 mL PBS, and ROS fluorescence was assessed immediately by flow cytometry using the FL1 channel.
Statistical analysis
Prism software (GraphPad, Inc, San Diego, CA, USA) was used for the statistical analysis. An unpaired Student's t-test was used for pairwise comparisons, and a one-way analysis of variance with Bonferroni's posttest was used for grouped comparison. A p value <0.05 was considered statistically significant.
Results
Increased FtMt and HIF-1a levels in the RPE of aged mice
Previously, FtMt expression in the rat hippocampus was reported to increase with age (Wu et al., 2013) . Moreover, our previous data suggested that FtMt is upregulated by oxidative stress and inflammation (Wang et al., 2011; Yang et al., 2015) , both of which contribute to age-related disease (Khansari et al., 2009 ). To investigate whether FtMt expression is increased in the RPE of aged mice, we compared FtMt protein levels in the RPE/choroid of young and old mice via Western blotting and immunofluorescence. A control study was performed to evaluate the specificity of anti-mouse FtMt antibody ( Supplementary Fig. 1 ). The results showed a strong band in the mitochondrial fraction from mouse testis at 22 kDa at the molecular weight of FtMt but a faint band in the cytoplasmic fraction, suggesting that the antibody does not cross-react with cytosolic ferritin. In addition, b-actin was undetectable in the mitochondrial fraction, showing the purity of this fraction ( Supplementary Fig. 1 ).
Western blotting using homogenates of RPE/choroid revealed a significant increase in FtMt and HIF-1a protein levels in 20-month-old mice, compared to those in 3-month-old mice (Fig.1AeC) . Immunohistochemistry revealed that FtMt staining (red) was mainly present in ganglion cells (GCs), outer plexiform layer (OPL), and inner segment (IS) of 20-month-old mice (Fig. 1D) . In 20-month-old mice, the staining intensity was increased. Particularly, intense staining was observed in RPE and the outer part of the choroid (Fig. 1D ).
FtMt stabilizes HIF-1a and upregulates VEGF expression
HIF-1a is hydroxylated by prolyl hydroxylase under normoxic conditions, whereas the presence of iron chelation prevents HIF-1a from proteolysis by inhibiting the activity of iron-dependent prolyl hydroxylase (Wang and Semenza, 1993) . And HIF-1aeinduced VEGF contributes to the pathogenesis of wet AMD. To examine functional roles of FtMt increased in aged RPE, we overexpressed FtMt in Fig. 2A and B ). Fig. 2C shows the knockdown efficiency of HIF-1aetargeted siRNA. Western blotting showed that HIF-1a protein levels were increased by hypoxic conditions (1% O 2 ) or the presence of 200-mM desferoxamine (DFO) or 200-mM CoCl 2 for 6 hours, compared to untreated cells cultured under normoxic conditions. These increases were abolished by HIF-1aetargeted siRNA. Fig. 2D shows the effects of FtMt overexpression in ARPE-19 cells on the secretion of VEGF. A VEGF ELISA assay demonstrated that, when compared with control siRNA transfection, HIF-1a knockdown significantly inhibited VEGF secretion with or without FtMt overexpression. In the control siRNA-transfected group, FtMt overexpression significantly increased VEGF secretion in conditioned medium, whereas this increase was abolished by HIF-1a knockdown, indicating that VEGF upregulation in response to FtMt overexpression is HIF-1a dependent (Fig. 2D) .
HIF-1a decreases the maturation of FtMt protein
The presence of drusen, a yellow accumulation of extracellular material between RPE and choroid, reduces oxygen delivery from choroid to RPE cells by increasing distance between RPE cells and choroid, resulting in retinal hypoxia which is associated with pathogenesis of AMD (Stefánsson et al., 2011) . Testing the effect of hypoxia on FtMt, we found that ARPE-19 cells cultured under hypoxic conditions for 48 hours expressed lower levels of FtMt protein than cells cultured under normoxic condition, as detected by Western blotting (Fig. 3A) . Because hypoxia induced the expression of HIF-1a, we hypothesized that HIF-1a inhibited the expression of FtMt. To test the hypothesis, we examined the effects of HIF-1a knockdown.
HIF-1a knockdown for 48 hours under both normoxia and hypoxia significantly increased the FtMt protein levels (Fig. 3B) . Also, real-time PCR demonstrated that the messenger RNA (mRNA) levels of FtMt remained unchanged (Fig. 3C) . We further investigated the expression of both the precursor and mature form of FtMt by Western blotting of cells subjected to HIF-1a knockdown followed by FtMt overexpression for 12 hours. We observed a decrease in the FtMt precursor level in the HIF-1a knockdown group relative to the control group (Fig. 3D) . These results imply that HIF-1a might prevent translocation of the FtMt precursor into mitochondria.
Effects of FtMt on mitochondrial function
Mitochondria play critical roles in energy production and cellular homeostasis. ATP is mainly generated through OXPHOS and maintains normal functions of mitochondria, such as MMP, axonal transportation, and calcium signaling. On the other hand, due to the byproducts of mitochondrial metabolism, such as nitroxides, hydrogen peroxide, and superoxide anions, mitochondria are the primary source of ROS. Dysregulation of rate of OXPHOS, MMP, and ROS levels caused by mitochondrial dysfunction not only contribute to neurodegeneration but also trigger mitophagy to eliminate damaged mitochondria for protection (Palikaras and Tavernarakis, 2012) .
There is a possibility that increased FtMt in aged RPE may affect mitochondrial function. Therefore, we tested mitochondrial functions in RPE cells with and without over-expression of FtMt. We first measured the oxygen consumption rate using a Seahorse XF24 Extracellular Flux analyzer (Seahorse Bioscience, North Billerica, MA, USA) and observed decreased basal respiration and maximal respiration following FtMt overexpression for 24 hours. The coupling efficiency (Fig. 4B ) was calculated by dividing the amount of ATP turnover by basal respiration (nonmitochondrial respiration was subtracted from both of these values) to approximate the basal mitochondrial ATP synthesis, as ATP synthase is inhibited by oligomycin. Spare respiratory capacity (Fig. 4C ) was calculated by dividing maximal respiration by basal respiration (nonmitochondrial respiration was excluded from both of these values) to assess the ability of cells to respond to stress. Spare respiratory capacity can also be interpreted as the amount of extra ATP that can be produced via OXPHOS in case of a sudden increase in energy demand. We found that FtMt overexpression reduced the coupling efficiency (Fig. 4B) , whereas the spare respiratory capacity (Fig. 4C ) and ATP level (Fig. 4D) were unchanged. Taken together, these findings suggest that FtMt decreases the rate of OXPHOS but does not affect ATP production and spare respiratory capacity.
Using flow cytometry, we next measured MMP via TMRM staining (Fig. 4E) and ROS production via H 2 DCFDA staining (Fig. 4F ). Cells treated with 5-mM FCCP for 10 minutes exhibited almost completely reduced TMRM staining and were used as a negative control; cells treated with 300-mM H 2 O 2 for 1 hour were used as a positive control for H 2 DCFDA staining (data not shown). The histogram and quantification show a modest reduction in MMP in FtMt-overexpressing cells (green) compared to empty vector-transfected cells (red) but no significant difference in ROS production.
FtMt induces mitochondrial fragmentation in a HIF1aedependent manner
Mitochondrial fission and fusion are tightly regulated in mammalian cells by a series of mitochondrial dynamics machinery proteins, including Drp1 and Fis1, which mediate mitochondrial fission, and OPA1, Mfn1, and Mfn2, which mediate mitochondrial fusion (Suen et al., 2008) . Previous studies have shown that defective mitochondria can be fragmented and isolated by fission for clearance via mitophagy (Twig et al., 2008) , but increased fusion prevents mitochondria from degradation by mitophagy (Rambold et al., 2011) . Thus, we investigated the morphological changes of mitochondria in RPE-19 cells with and without FtMt overexpression. Fig. 5A shows a representative image of MitoTracker staining in which mitochondrial morphologies can be classified into 2 categories: normal and fragmented. Normal mitochondria form elongated and interconnected tubules, whereas fragmented mitochondria form isolated puncta or perinuclear aggregation (Fig. 5A) . RPE-19 cells transfected with empty vector expressed green fluorescent protein (GFP) in the cytoplasm (Fig. 5A ) and 82% of cells showed normal mitochondrial morphology (Fig. 5B) . This proportion was not significantly altered by HIF-1a knockdown. FtMt overexpression decreased the proportion of transfected cells with normal mitochondria to approximately 30% and increased the percentage of cells with fragmented mitochondria to approximately 70%. In the absence of HIF-1a, FtMt overexpression-induced mitochondrial fragmentation was attenuated to approximately 43%, with a corresponding increase in normal mitochondrial morphology to 57%. Fig. 5C and D) revealed that among the above mitochondrial machinery components, the protein expression of OPA1 was decreased in response to FtMt overexpression in both the presence and absence of 50-nM bafilomycin A1 for 16 hours (Baf; Cayman Chemical, Ann Arbor, MI, USA). However, in the absence of HIF-1a, OPA1 was upregulated in both vector-and FtMt-transfected cells ( Fig. 5E and F) , indicating a HIF-1a-mediated reduction of OPA1 by FtMt.
Immunoblotting (
FtMt triggers mitophagy
The data shown above suggest that increased expression of FtMt induces mitochondrial fission and reduces MMP, which may jointly trigger mitophagy. In addition, FtMt-induced mitochondrial fission is dependent on HIF-1a. Therefore, we examined whether FtMt overexpression in ARPE-19 cells could trigger mitophagy in a HIF1aedependent manner.
Immunofluorescence analysis (Fig. 6A ) revealed anti-LC3 antibody-stained LC3 puncta (green), indicating autophagosome formation. Transfected cells (GFP or FtMt) are shown in magenta; MitoTracker-stained mitochondria are shown in red. Colocalization of LC3 puncta and mitochondria is considered to indicate mitophagy (Ding and Yin, 2012) . The numbers of LC3 puncta per cell were elevated in FtMt-overexpressing cells (arrowheads) relative to those in GFP-overexpressing cells (arrows; Fig. 6B ). Moreover, colocalization of LC3 puncta and mitochondria was observed in approximately 14% of GFP-overexpressing cells, whereas this proportion increased to approximately 50% in FtMt-overexpressing cells, indicating an increase in FtMt-induced mitophagy. However, FtMt-induced mitophagy was attenuated in the absence of HIF-1a (Fig. 6C) . 
Discussion
Age-related increase of FtMt in RPE in mouse retina
Our immunofluorescence analysis revealed that in the murine retina, FtMt mainly localizes in GCs, IPL, OPL, and IS as well as RPE.
The localization of FtMt in GCs, IPL, OPL, and IS is consistent with a previous report (Santambrogio et al., 2007) . However, the previous report did not further discuss the localization of FtMt within the RPE/choroid structure. The present study first demonstrates an increase of FtMt in RPE using immunohistochemistry and Western blots analysis. It is not surprising to observe FtMt staining in the RPE layer because FtMt appears to localize in cells with abundant mitochondria or a high metabolic rate (Santambrogio et al., 2007) , both of which characterize RPE (Boulton and Dayhaw-Barker, 2001 ).
We also observed an age-related increase in FtMt in murine RPE. A similar age-related increase of FtMt was reported in the rat hippocampus (Wu et al., 2013) . RPE is consistently exposed to oxidative stress and inflammation during aging (Boulton and Dayhaw-Barker, 2001; Khansari et al., 2009) . Furthermore, our previous data suggested that FtMt is upregulated in response to oxidative stress and inflammation (Wang et al., 2011; Yang et al., 2015) , which accounts for the increased FtMt protein levels observed in aged murine RPE.
Over-expression of FtMt in RPE cells stabilizes HIF-1a and increases the secretion of VEGF under normoxic conditions
HIF-1a is hydroxylated by iron-dependent prolyl hydroxylase, so when free iron is scarce, for example, if it is bound by the active form of FtMt which is present more in normoxic conditions than in hypoxia, then proteolysis of HIF-1a is reduced (Wang and Semenza, 1993) , so HIF-1a levels tend to rise. HIF-1a upregulates VEGF (Forsythe et al., 1996) , which is involved in the pathogenesis of wet AMD. Therefore, we wondered whether increased FtMt expression might raise HIF-1a levels and so raise the risk of wet AMD. To examine functional roles of FtMt increase in aged RPE, we overexpressed FtMt in ARPE-19 cells. FtMt overexpression in ARPE-19 cells stabilized HIF-1a and so increased the secretion of VEGF. These effects of FtMt overexpression were abolished by inhibiting the expression of HIF-1a. Thus, the action of HIF-1a must take place downstream of FtMt. These results are well explained by previous studies. HIF-1a is hydroxylated by iron-dependent prolyl hydroxylase, and FtMt overexpression causes cellular iron deficiency (Nie et al., 2005) . Therefore, as with an iron chelator such as DFO, the overexpression of FtMt could inhibit the activity of iron-dependent prolyl hydroxylase and stabilize HIF-1a (Wang and Semenza, 1993) . Consequently, HIF-1a stabilization increases the secretion of VEGF (Forsythe et al., 1996) . Taken together, increased FtMt in aged RPE may stabilize HIF-1a and enhance VEFG secretion under normoxic conditions. Interestingly, hypoxic conditions in RPE cells induced the expression of HIF-1a and decreased the protein level of FtMt. We found that hypoxic conditions did not change mRNA levels of FtMt but inhibited maturation of FtMt protein. FtMt is initially expressed as a 30-kD precursor targeted at mitochondria. On mitochondrial entry, the signaling peptide is cleaved from the precursor to form the 22-kD mature FtMt (Levi et al., 2001) . A previous electron microscopic study has shown that mature form FtMt localizes in the mitochondrial matrix . Interestingly, our data indicate that hypoxia reduces the protein level of mature FtMt (22-kD), but HIF-1a knockdown increases the expression of mature FtMt (22-kD) without affecting the mRNA level. Although there is so far no detailed study showing how translocation of FtMt precursor into mitochondria can be regulated, it seems reasonable to speculate that it may be affected by HIF-1a. The translocation of proteins into the mitochondrial matrix is mainly dependent on the cooperation of the TOM complex that mediates the import of protein across the outer membrane of mitochondria, and the TIM23 complex that translocates protein into matrix. Furthermore, protein translocation by the TIM23 complex is driven by MMP (Neupert and Herrmann, 2007) . It has also been reported that hypoxia inhibits the transport of protons and leads to a reduction in the MMP (Greijer and van der Wall, 2004) . Given these, we speculated that hypoxia might suppress function of TIM23 by decreasing MMP and prevent the translocation of FtMt precursor into the mitochondria, leading to a reduced level of mature FtMt. On the contrary, inhibiting HIF-1a might play a role in maintaining the MMP and enhancing TIM23-mediated FtMt precursor translocation to the mitochondria.
Effects of FtMt on mitochondrial function
Iron can be either stored within mitochondria or used in the synthesis of iron-sulfur clusters and heme, which are required for the mitochondrial respiratory chain (Horowitz and Greenamyre, 2010) . Previous studies have also demonstrated a causative role for iron deficiency in impaired mitochondrial respiration (Blayney et al., 1976; Walter et al., 2002) . The present study showed that FtMt reduced both basal and maximal respiration but did not change the spare respiratory capacity and cellular ATP production. Because ATP is also synthesized by glycolysis, these findings imply that FtMt decreases the rate of OXPHOS but glycolysis compensates ATP synthesis. A previous report stated that treatment with the iron chelator deferiprone yielded a similar result (Allen et al., 2013) . For cells capable of glycolytic metabolism, glycolysis is essential to initiating the translocation of Parkin to depolarized mitochondria and triggering mitophagy, suggesting that mitophagy is dependent on the bioenergetic status (Van Laar et al., 2011) .
FtMt induces mitochondrial fragmentations and mitophagy
Our data showed an increased proportion of fragmented mitochondria and mitophagy induced by FtMt overexpression in ARPE-19 cells. Western blot revealed a decrease in the expression of OPA1 in FtMt overexpression ARPE-19 cells. OPA1, as a component of the mitochondrial dynamic machineries, plays a role in regulating mitochondrial inner membrane fusion. The siRNA-mediated loss of OPA1 reduced MMP and increased mitochondrial fragmentation (Olichon et al., 2003) . Some studies have indicated that mitochondrial fission is a necessary precursor to mitophagy and that the mitochondrial fission complex is involved in mitophagy (Frank et al., 2012; Mao et al., 2013; Tanaka et al., 2010) . Among the changes leading to mitophagy, the fusion factor OPA1 is deactivated and degraded (Frank et al., 2012) , so one might expect lower levels of OPA1 to be associated with higher rates of mitophagy, and OPA1 overexpression inhibits mitophagy (Twig et al., 2008) . Moreover, FtMt overexpression increased the numbers of LC3 puncta, a marker of autophagy, and LC3 puncta were colocalized to mitochondria. These effects were also abolished by HIF-1a knockdown. These results suggested that FtMt reduced OPA1 and induced mitochondrial fragmentation and mitophagy in an HIF1aedependent manner.
HIF-1a has been reported as associated with mitochondrial fragmentation and mitophagy (Hanna et al., 2012; Quinsay et al., 2010; Wolin, 1998; Zhang et al., 2008) . This would be consistent with our observation that HIF-1a knockdown attenuated mitochondrial fragmentation and mitophagy in FtMt-overexpressing ARPE-19 cells. It is noteworthy that HIF-1a knockdown did not significantly affect mitochondrial fragmentation or mitophagy in vector-transfected ARPE-19 cells. One possible explanation is that the HIF-1a protein is largely degraded under normoxic condition, so that HIF-1a knockdown does not alter its protein level dramatically under normoxia as shown in Fig. 2C . These may account for the unchanged mitochondrial fragmentation and mitophagy in the absence of HIF-1a in control cells.
ROS have been reported to be essential for starvation-induced autophagy (Frank et al., 2012; Scherz-Shouval et al., 2007) . However, iron chelation-induced mitophagy is not dependent on ROS, implying that ROS-associated mitophagy might differ from general autophagy (Allen et al., 2013) . Moreover, as expected, our data showed that FtMt overexpression did not affect the ROS levels. Similarly, iron chelator deferiprone treatment was not found to significantly increase ROS production (Allen et al., 2013) . Campanella et al. (Campanella et al., 2009 ) also reported that overexpression of FtMt in HeLa cells did not alter ROS level.
Ferroxidase activity of FtMt consumes ferrous iron which, if free, generates toxic free radicals through the Fenton reaction, by catalyzing the oxidization of ferrous iron to ferric iron which is the nontoxic form. Therefore, FtMt has an antioxidant effect by suppression of the Fenton reaction via sequestering cellular iron (Arosio and Levi, 2010; Wang et al., 2011) . This may account for the unchanged ROS level in FtMt-overexpressing ARPE-19 cells compared to controls. Taken all together, our findings suggest that FtMt does not induce ROS-dependent mitophagy.
Mitochondrial depolarization is another prerequisite for mitophagy (Priault et al., 2005; Twig et al., 2008) . We observed that FtMt overexpression decreased mitochondrial membrane potential and increased mitochondrial fragmentation. These findings might be explained by the FtMt-induced downregulation of OPA1. However, it remained undetermined in this study whether mitochondrial depolarization is a cause or consequence of the reduction in OPA1. OPA1 is regulated by MMP-dependent cleavage processes that generate 2 L-isoforms and 3 S-isoforms. Loss of MMP normally destabilizes the L-isoforms and enhances cleavage to form S-isoforms (Duvezin-Caubet et al., 2006; Ehses et al., 2009 ). FtMt induced a general reduction in both L-and S-isoforms, indicating that a mechanism other than MMP-dependent cleavage affected the OPA1 levels. Probably, FtMt initially reduced the expression of OPA1, which further induced mitochondrial depolarization. Intriguingly, HIF-1a knockdown not only reversed the FtMtinduced decrease in OPA1 but also increased OPA1 expression in ARPE-19 cells. These results provide further support for the idea that HIF-1a knockdown attenuates mitochondrial fragmentation and mitophagy. FtMt-induced mitophagy could be an alternative protective mechanism against oxidative stress, as well as other stress-related insults. Further research should focus on the detailed signaling pathways that underlie FtMt-induced mitophagy, such as the regulatory mechanism linking FtMt to OPA1.
Possible pathological functions of FtMt in AMD
The present study demonstrated age-related increase of FtMt and HIF-1a in RPE/choroid in the mice retina, and increased FtMt in RPE may be protective against oxidative stress as well as by triggering mitophagy under normoxic condition. Conversely, hypoxia inhibits these protective functions of FtMt via reducing maturation.
Previous studies have reported that hypoxia is associated with the pathogenesis of AMD. Dry AMD is characterized by small, yellow deposits, or drusen accumulations, between the RPE and the underlying choroid; these reduce the oxygen supply from the choroid to the RPE, leading to regional retinal hypoxia (Geirsdottir et al., 2014; Stefansson et al., 2011) . Therefore, mature FtMt might be reduced in the mitochondria of these areas, resulting in decreased protection against oxidative stress and inflammation, 2 major causes of age-related disease (Khansari et al., 2009 ). In addition, FtMt-induced mitophagy might also be reduced because of FtMt dysfunction, and this might partially contribute to RPE degeneration, the main cause of geographic atrophy, an advanced form of dry AMD.
Although increased FtMt might play a protective role against oxidative stress and enhance the clearance of damaged mitochondria via mitophagy, it cannot be ruled out that FtMt also upregulates VEGF secretion via HIF-1a stabilization, a major cause of choroidal neovascularization in the pathogenesis of wet AMD. These findings are consistent with previous pathophysiologic observations of AMD, specifically that degenerated RPE is found in geographic atrophy, whereas viable RPE is observed in wet AMD (McLeod et al., 2009 ). Therefore, caution should be taken in considering whether and when age-related increase of FtMt is beneficial or harmful toward AMD.
To prevent the occurrence of both wet and dry forms of AMD, the expression of FtMt should be balanced and nicely regulated. Apart from the protective role of FtMt, increased FtMt might also be causative in certain neurodegenerative diseases. For instance, a previous study showed that FtMt levels in substantia nigra neurons in restless leg syndrome samples were higher than those in controls; this might contribute to insufficient cytosolic iron and cause restless leg syndrome (Snyder et al., 2009 ). Thus, the roles of FtMt need to be further explored in other neurodegenerative diseases. Moreover, because our data are based on an acute rather than chronic effect of FtMt in RPE, future work should address the longterm effects of FtMt in the context of AMD and other neurodegenerative diseases.
Taken all together and summarized in a schematic figure (Fig. 7) , FtMt in RPE increases with aging. Increased FtMt may protect RPE cells against age-related stress, via antioxidant effect and via induction of mitophagy. On the contrary, FtMt may stimulate neovascularization, the leading cause of wet AMD. Hypoxia, particularly occurring in drusen-affected areas of RPE, reduces FtMt maturation, and inhibits these protective roles of FtMt and may contribute to the development of dry AMD. Therefore, a wellbalanced expression of functional FtMt in RPE may be critical in preventing the occurrence and development of AMD.
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